Overexpression or lack of expression of proteolipid protein (PLP) gene by oligodendrocytes causes axonal pathology. It is unclear whether dysfunction of the PLP gene mediates its effects directly on neurons or indirectly by abnormal formation of myelin sheaths. We performed experiments using cocultures and conditioned media (CM) to test the direct effect of PLP gene expression on neurons. Non-glial cell lines were stably transfected with PLP or DM20 (an alternate splice variant of PLP) cDNAs. Immunocytochemistry and enhanced green fluorescent protein expression showed that translated products were synthesized and inserted into the plasma membrane in proper conformation. The number of surviving dorsal root ganglion (DRG) neurons was significantly less than controls when cocultured for 5 d with PLP-expressing cells. The number of degenerating neurons increased in a dose-dependent manner corresponding to increasing numbers of PLP-expressing cells.
Myelin proteolipid protein (PLP) and DM20 are highly conserved proteins that form 50% of the proteins in CNS myelin sheaths (Lees and Brostoff, 1984; Yoshida and Colman, 1996) . PLP/DM20 is thought to contribute to the compaction and stability of myelin sheaths (Boison et al., 1995; Griffiths et al., 1998a) . Surprisingly, PLP/DM20 is not essential for myelin formation because PLP/DM20-deficient mice form myelin sheaths, have a nearly normal life-span, and exhibit no obvious behavioral abnormalities within the first year of life (Boison et al., 1995; Klugmann et al., 1997) . In contrast, animals with mutations in the PLP gene typically exhibit dysmyelination, death of oligodendrocytes (OLs), and severely shortened life-span (Knapp et al., 1996) . Transgenic mice expressing supernumerary copies of native PLP genes often exhibit a phenotype similar to mammals with PLP mutations, including a shortened life-span (Kagawa et al., 1994; Readhead et al., 1994; Anderson et al., 1998; Griffiths et al., 1998b) . These studies with transgenic mice show that the absence of PLP is preferable to increased PLP gene dosage. The detrimental effects of PLP overexpression may regulate OL viability and, in turn, myelin formation. Overexpression of the PLP gene accelerates OL cell death, whereas antisense inhibition of PLP gene expression of OLs in vitro prolongs their survival (Yang and Skoff, 1997; Cypher et al., 1999) .
Recent findings suggest that the PLP gene may also regulate neuronal function. In PLP/DM20-deficient mice, degenerating axons appear within 6 weeks after birth, and motor function becomes impaired after 1 year (Boison and Stoffel, 1994; Klugmann et al., 1997) . In mice with a moderate increase of PLP gene expression, axonal degeneration and demyelination begin to appear at 4 months with progressive neurological disorders emerging at ϳ1 year (Anderson et al., 1998) . The severity of the abnormalities usually correlates with the number of PLP transgene copies. These results suggest that dysregulation of the PLP gene affects neuronal function.
It is unclear whether the neurodegeneration is caused directly by high levels of PLP gene products, indirectly by mechanical forces generated by myelin, or a combination of the two. Recent evidence indicates that myelin compaction is crucial for normal neuronal cytoskeleton and function (Witt and Brady, 2000) . Short-lived shiverer mice with no myelin basic protein (MBP) display loosely spiraled myelin and altered neuronal cytoskeleton in the CNS (Readhead et al., 1987; Readhead and Hood, 1990) . When additional copies of the MBP gene are reintroduced, "cured" mice display thin compact myelin, reduced axonal pathology, and nearly normal life-span (Brady et al., 1999) .
We tested the hypothesis that expression of the PLP gene directly affects neuron viability by coculturing dorsal root ganglia (DRG) neurons with PLP-or DM20-expressing cell lines. Strong PLP expression by the PLP cell line and media conditioned by PLP-expressing cells reduced the numbers of DRG neurons and increased axonal degeneration. In contrast, strong DM20 expression by the DM20 cell line and medium conditioned by DM20-expressing cells did not affect neuron viability. Conditioned media (CM) from PLP but not DM20 cells acidified the pH of several different culture media, suggesting that PLP alters the extracellular ionic environment. In addition, DRG neurons cultured in acidified media display a comparable decrease in neuron survival, suggesting that a negative shift in media pH is one factor that contributes to neuronal death in this system. PLP has been proposed, on the basis of biochemical studies and homology to pore-forming receptors, to function as an ion channel. Our results provide the first physiological evidence that PLP gene expression by non-glial cells alters the extracellular ionic environment and affects neuronal viability in a culture system.
MATERIALS AND METHODS
T issue culture. Our culture system was a modification of a DRG neuronglia coculture system used by Wood and Bunge (Wood et al., 1980; Wood and Williams, 1984; K leitman et al., 1998) . DRG neurons have both centrally and peripherally myelinated axons in vivo and are routinely and almost exclusively used by laboratories that study glial cell f unction. Because DRG neurons are myelinated by oligodendrocytes, they provide an appropriate model for coculture studies. DRG neurons are easily cultured, and because these neurons would be interacting with cells transfected with PL P transgene, it was critical to use neurons that are normally exposed to C NS myelin gene expression.
Pregnant 16 -17 d gestation Sprague Dawley CD strain rats (Charles River, Wilmington, M A) were housed in the Division of Laboratory Animal Resources, a federally approved animal facility. Postnatal days 1-2 (P1-2) rat pups were killed by cervical dislocation followed quickly with a bilateral pneumothorax. With the dorsal half of the spinal cord vertebrae broken away, post-mitotic dorsal root ganglia (DRG) were caref ully isolated, digested with a trypsin -collagenase solution (0.25% and 10 mg /ml, respectively), rinsed with serum-containing media, and resuspended to a concentration of 25 ϫ 10 4 cells/ml in DRG media (see below), and 100 l of cell suspension was plated onto sterile 12-mmdiameter round glass coverslips coated with poly-L-lysine (12 mg /ml). After 2 hr incubation, 24-well tissue culture dishes containing coverslips plated with DRG neurons were flooded with 0.5 ml DRG media per well.
DRG neurons were incubated in a 5% C O 2 incubator at 37°C with DRG media. Unless noted otherwise, all reagents were obtained from Invitrogen (Gaithersburg, MD). DRG media consisted of F12/ DM EM media (containing 15 mM H EPES buffer to inhibit fluctuation of pH) supplemented with 2 mM L-glutamine, 0.6% glucose, 10% fetal calf serum (FC S), 5% horse serum (HS), 100 ng /ml 2.5S Nerve Growth Factor (NGF) (Harlan Biosciences, Madison, W I), and 50 U/ml penicillin -50 g /ml streptomycin solution or 25 g /ml gentamicin solution. DRG cultures underwent an anti-mitotic /mitotic cycling every day with DRG neurons cultured in normal DRG media during the day followed by an overnight culture in DRG media supplemented the first night with anti-mitotic solution of 35.7 mM fluorodeoxyuridine/15.4 mM uridine (Sigma, St. L ouis, MO) and then the next night with 1 mM cytosine ␤-D-arabinof uranoside HC l (Sigma) to reduce the number of mitotically active cells. The anti-mitotic /mitotic cycling treatment lasted for 1 week. No attempt was made to generate a completely purified population of DRG neurons, because surviving fibroblast-like cells appeared to promote survival of neurons. The number of surviving DRG neurons on each coverslip varied from experiment to experiment in the range of 100 -400 neurons, although the variance within an experiment was usually Ͻ20% of the measured value.
Transformed human embryonic kidney (H EK) 293 cell lines transfected with the PL P or DM20 transgene were used to study the cellular response of DRG neurons to PL P/ DM20 gene expression. H EK293 (293) cells (C lontech, Palo Alto, CA) were derived from a transformed human embryonic kidney cell line and often used for studying expression of transfected genes (see Transformed cell lines). 293 cells were briefly rinsed, trypsinized, and resuspended in coculture media with 1.5% serum (same as DRG media except that the concentrations of FC S and HS were 1 and 0.5%, respectively, and without NGF). The transformed cells were plated at a density range from 0.125 to 1.5 ϫ 10 4 cells per well containing coverslips of DRG cells that previously underwent 1 week of anti-mitotic / mitotic cycling treatment. The low plating density of the transfected 293 cell lines took into account the expected growth and proliferation of cells during an experiment. EGFP expression did not affect the proliferation of the transfected 293 cell lines. Culture media was changed every other day. E xperiments with DRG and 293 cocultures typically lasted for 1 week. Percentages of transfected cells expressing EGFP ranged from 20 to nearly 100%. When pure 293 cell lines are immunostained for tubulin, a low number of tubulin-positive particles is observed. Because tubulin-immunostained debris was not observed in DRG cultures, the tubulin antibodies are most likely binding in a nonspecific manner to the debris particles. Table 1 summarizes all of the different cell lines used for this study.
To directly assess the ability of soluble molecules generated by PL Pand DM20-transfected cell lines on DRG neuron survival, we applied media conditioned by the different cell lines to cultures of DRG neurons in 24-well dishes. This experiment was identical to the coculture experiments with DRG neurons and 293 cells except that dilutions of conditioned media (C M) instead of cells were added to the wells. To prepare C M for the experiment, different 293 cell lines were resuspended in separate 5 ml aliquots of coculture media to prevent intermixing of cell lines and plated in individual 25 cm 2 flasks at a density to reach approximately two-thirds confluency at the time of conditioned media collection. Both DM20/ EGFP and PL P/ EGFP cell lines had moderate percentages (40 -60%) of EGFP-expressing cells. After 4 d, C M from different cell lines was collected. The dilutions of C M added per set of wells tested were inversely proportional to the number of cells counted per flask, calculated on the assumption that all cells synthesize and release approximately the same amount of soluble factors. For instance, wells accepting C M from a flask with the lowest density of cells may receive f ull-strength undiluted aliquots, whereas those wells accepting C M from a flask with the higher density of cells would receive diluted aliquots. The dilutions were adjusted according to the ratio of cells counted in the flask, with the higher cell density to cells counted in the flask with the lowest cell density. Unconditioned coculture media made up the balance for wells not receiving f ull-strength aliquots. The wells were not changed for the duration of the experiment. At the end of the experiment, DRG neuron coverslips within the wells were immunostained for class III ␤-tubulin, a specific marker for neurons, and the number of tubulin-positive neurons per coverslip was counted.
For measuring pH of media conditioned by 293 cell lines, each cell line was grown in separate 25 cm 2 flasks under three different culture conditions for 4 or 6 d. At the end of the culture period, media was collected and allowed to equilibrate in separate, capped 15 ml centrif uge tubes. After equilibration, the pH of basal media (BM) and media conditioned by 293, DM20/ EGFP, and PL P/ EGFP cells was measured using a standard, calibrated pH meter. DM EM media contained 44 mM bicarbonate. Coculture media contained 14.3 mM bicarbonate and 15 mM H EPES, which inhibits fluctuation of media pH. In addition, cells from the separate flasks were trypsinized, resuspended in DM EM media with 10% serum, and counted on a hemacytometer to calculate the cell density for each cell line (see Table 2 ). The media pH experiments for transfected 293 cell lines with a cytomegalovirus (C M V) promoter were repeated at least six times. In our hands, PL P/ EGFP Tet-On cells treated with 10 g /ml doxycycline in passage or coculture media do not acidif y the media.
To test the possibility that pH may modulate survival of DRG neurons, we conducted an experiment with acidified coculture media. Postnatal DRG neurons were cultured for the standard 1 week mitotic /anti-mitotic cycling before the acidified pH experiment was initiated. The pH of coculture media was adjusted with 0.1N HC l from basal pH 7.3 to 6.7, a decrease of 0.6 pH units. The pH level chosen was based on results from pH measurement experiments. One set of DRG coverslips received basal media and a second set received acidified coculture media. After 5 d culture with no change of media, the pH of each condition was measured, the coverslips were processed for tubulin immunocytochemistry, and the number of surviving DRG neurons was counted.
Transformed cell lines. To examine the effects of PL P gene expression on neuron f unction, we used a 293 cell line transfected with f ull-length cDNAs of PL P or DM20. EGFP, PL P-EGFP, and DM20-EGFP constructs were transfected into 293 cells with ProFection, a calcium phosphate transfection kit (Promega, Madison, W I). The constructs contain a neomycin /G418 resistance cassette to select for stable transformants. Full-length normal PL P and DM20 cDNAs were kindly provided by Dr. A. Fannon (Mt. Sinai School of Medicine) for the construction of stable PL P-and DM20-expressing cell lines. For constitutive expression of PL P and DM20, the open reading frames of PL P or DM20 were inserted between the C M V promoter/enhancer and EGFP sequences of pEGFP-N1 vector (C lontech). For inducible Tet-On expression of PL P, the open reading frame of PL P was inserted between the Tet-regulated C M V promoter/enhancer and EGFP sequences of pBI-EGFP vector (C lontech). For purposes of comparison and measuring relative levels of f usion protein production, we generated a stable 293 cell line with FL AG sequence, a unique octapeptide tag that does not interfere with gene expression, f used to the EGFP sequence of the pEGFP-N1 vector; immunodetection of FL AG epitope confirmed the production of intact EGFP-FL AG f usion protein (Kodak, Rochester, N Y) (data not shown). Orientation of the cDNA inserts was confirmed by restriction mapping and DNA sequencing. C lones of PL P-and DM20-expressing 293 cells with the C M V promoter were obtained by isolating EGFP-expressing cells followed by a round of selective subcloning for cells with high EGFP levels. Fluorescent intensity of EGFP signal was brightest for 293/ EGFP cells followed by intermediate to bright intensity in PL P/ EGFP cells and intermediate intensity in DM20/ EGFP cells. Western blot analysis with antibodies against EGFP confirmed the presence of PL P-EGFP and DM20-EGFP f usion products at the appropriate molecular weights (C ypher et al., 1999) .
C lones of PL P-expressing 293 cells with the Tet-On expression system (PL P/ EGFP Tet-On) were obtained by acutely treating transfected cells with doxycycline and isolating EGFP-expressing cells followed by a round of selective subcloning for cells with high EGFP levels. The inducible Tet-On expression system provided a means to modulate PL P/ DM20 gene expression by adding a tetracycline derivative to induce transgene expression. For our studies, we used a concentration of 10 g /ml doxycycline to induce the Tet-On expression system that resulted in ϳ20 -40% of PL P/ EGFP cells exhibiting green fluorescence signal with no discernible effect on the viability of DRG neurons. Temporal kinetics of doxycycline-treated PL P/ EGFP Tet-On cells revealed a maximum level of transgene expression within 1 d of promoter induction, and then the level of expression decreased and stabilized at 75% of maximum level for long-term treatment (data not shown). In addition, the relative level of mRNA synthesis for a set number of EGFP-expressing cells under Tet-On promoter regulation was ϳ15% lower than for EGFP- expressing cells under C M V promoter regulation. The intensity of EGFP signal in induced PL P/ EGFP Tet-On cells was roughly the same as PL P/ EGFP C M V cells. The combined results from studies of temporal and synthetic kinetics indicated that the inducible Tet-On system was a measurably weaker promoter than the constitutive C M V system.
Untransfected 293 cells served as control for the PL P/ EGFP and DM20/ EGFP cells. In some experiments, the DM20/ EGFP cells were used as a transgene control for PL P/ EGFP cells. Uninduced 293/ PL P Tet-On cells served as control for the doxycycline-treated 293/ PL P Tet-On cells. 293 cell lines were normally passaged twice per week in DM EM high-glucose media supplemented with 10% Tet System Approved Fetal Bovine Serum (C lontech) and 25 g /ml gentamicin solution.
Immunoc ytochemistr y. For immunostaining of transfected cells synthesizing PL P, undiluted supernatant from cultured O10 hybridoma cells (kindly provided by Dr. K laus Nave, Max Planck Institute for E xperimental Medicine, Gottingen, Germany) that recognize an extracellular epitope of PL P and DM20 (Jung et al., 1996) was incubated on live cells for 45 min at room temperature. The cells were then fixed in 4% paraformaldehyde, rinsed in PBS, and then processed for secondary antibody immunoreaction with 1:300 goat anti-mouse tetramethylrhodamine isothiocyanate (TRI TC)-conjugated IgM (K irkegaard & Perry Laboratories, Gaithersburg, MD). For immunostaining of DRG neurons, coverslips of DRG neurons and DRG neurons cocultured with transfected cells were fixed in 4% paraformaldehyde, rinsed in PBS, and incubated in the presence of 0.125% saponin detergent with 1:250 dilution of antibodies against class III ␤-tubulin (clone SDL.3D10; Sigma). C lass III ␤-tubulin is preferentially synthesized in immature and mature neurons (Lee et al., 1990; Menezes and L uskin, 1994) . Next, these coverslips were processed for secondary antibody immunoreaction with 1:300 dilution of goat anti-mouse TRI TC -conjugated IgG (Roche Molecular Biochemicals, Indianapolis, I N). Some coverslips were dipped in a solution of 0.0001% DAPI for 10 sec to stain nuclei that can be visualized under fluorescent microscopy. All photomicrographs were taken with either an automatic Nikon camera system or a digital SPOT RT camera on a Leica DM IRB inverted fluorescent /phase-contrast / differential interference contrast microscope. The total number of tubulin-positive DRG neurons per 12 mm coverslip was determined with the same microscope setup.
Dig ital laser c ytometr y. An attached cell analysis system (ACAS) laser cytometer workstation (Meridian Instruments, Okemos, M I) was used to compare relative levels of fluorescent intensity of tubulinimmunoreactive neurons in 1 week cocultures of DRG neurons with (1) untreated PL P/ EGFP Tet-On cells and (2) doxycycline-treated PL P/ EGFP Tet-On cells. We digitally captured four images of tubulin-positive DRG neuron clusters from each coverslip with four coverslips per condition. Beginning at the center of the coverslip and moving the stage in a spiral pattern, the first four DRG clusters were imaged. DRG neurons were identified under phase-contrast light microscopy by their large, refractive cell bodies. The parameters for imaging DRG neurons were established for doxycycline-treated cells, and then the same parameters were applied to controls. Subsequently, thresholds for the images of both control and treated cells were set at the same level to remove background signals, and total fluorescent pixels for each image were quantified using ACAS software. Averages of total fluorescent pixels per condition were calculated and statistically analyzed using a Student's t test.
RESULTS

Modulation of cellular phenotype by PLP and DM20 transgenes
Phenotypes of 293 and 293-EGFP cells were compared with DM20-EGFP and PLP-EGFP cells. Native 293 cells and 293 cells stably transfected with an EGFP transgene driven by a constitutive CMV promoter (named EGFP expressing cells) displayed a heterogeneous phenotype when visualized under phase-contrast microscopy. Both cell lines exhibited squamous and cuboidal morphologies with broad, flattened processes (Fig. 1 A) . Typically, 293 and EGFP-expressing cells formed clusters with neighboring cells. At higher magnification, some 293 and EGFP expressing cells displayed microvilli at their thin outer edges. In 5 d cultures, EGFP was more intense within the nucleus than in the cytoplasm (Fig. 1 B) .
Two cell lines were created using a DM20 or PLP transgene driven by a constitutive CMV promoter: (1) 293 cells stably transfected with DM20-EGFP transgene (named DM20 expressing cells) and (2) 293 cells stably transfected with PLP-EGFP transgene (named PLP expressing cells) ( Table 1) . Cell lines stably transfected with DM20 and PLP transgenes underwent certain phenotypic changes. DM20-and PLP-expressing cells exhibited a heterogeneous phenotype with a proportion displaying elongated cell bodies and thin, long processes (Fig. 1C) . In 5 d cultures, the PLP fusion product was distributed throughout the cytoplasm extending from the perinuclear membrane into the processes (Fig. 1 D) . The PLP-transfected cell lines mimicked the distribution pattern of PLP reported by three groups examining Cos-7 and HeLa cell lines transfected with a PLP transgene (Gow et al., 1994a; Sinoway et al., 1994; Thomson et al., 1997) .
As an immunological marker for PLP, the O10 antibody detects a conformationally specific extracellular loop of PLP (Jung et al., 1996) . Live immunodetection of O10 antibody on 5 d cultures of nonpermeabilized PLP-expressing cells revealed strong immunostaining overlying the cell bodies and tips of long, distal microvilli (Fig. 1 E) . Live O10 immunostaining colocalized with the PLP fusion protein, indicating that the fusion protein was transported and inserted into the plasma membrane in its proper orientation (Fig. 1 F) . Large pools of intracellular PLP were localized around the nucleus and in processes, as indicated by the absence of colocalization with live O10 immunostaining (Fig. 1 F) . As with PLP expressing cells, live immunodetection of O10 antibody on 5 d cultures of nonpermeabilized DM20 expressing cells revealed O10 colocalization with DM20 fusion protein on distal microvilli, indicating transport and insertion of the DM20 fusion protein into the plasma membrane in its proper orientation (data not shown). O10 immunoreactive PLP and DM20 fusion proteins were usually found in clusters of cells expressing EGFP. O10 immunoreactivity was never observed on native 293 cells or EGFP-expressing cells (data not shown).
Although PLP and DM20 cells lines were each derived from a single colony, subsequent passage resulted in segregation of plasmid expressing fluorescent protein. This segregation produced mixed cultures containing both expressing and nonexpressing cells. Our previous studies suggest that segregation is caused partially by changes in the growth rate such that PLP-expressing cells grow slower than nonexpressing cells. In some passaged cell cultures, Ͼ80% of the cells expressed DM20 or PLP fusion protein, whereas other passaged cell cultures had moderate percentages (40 -60%) at the time of plating. In cocultures with DRG neurons, high percentages of DM20-expressing cells were always paired with high percentages of PLP-expressing cells. The phenotypes of DM20-and PLP-expressing cells were similar in cell cultures containing both a high percentage (Ͼ80%) (Fig.  2 A, C, respectively) and a moderate percentage (40 -60%) of DM20-or PLP-expressing (Fig. 1C ) cells. The DM20 and PLP fusion proteins ( green) were localized in perinuclear areas and outer edges of plasma membrane ( Fig. 2 B, D) . Neurons immunostained for class III ␤-tubulin, a marker for immature and mature neuronal soma and processes (red), were detected as isolated cells or in small clusters with little intermixing between the neurons and DM20-or PLP-expressing cells (Fig. 2 B) . Some axons passed over areas of DM20-and PLP-expressing cells (Fig. 2 B, D) ; no conclusive evidence was found for DM20-or PLP-expressing cells wrapping around axons and forming myelin-like structures. In addition, tubulin-immunostained particles were occasionally observed when DRG neurons were cocultured with DM20-expressing cells (Fig. 2 B) . However, there was an increased frequency of tubulin-immunoreactive particles when DRG neurons were cocultured with PLP-expressing cells (Fig. 2 D) . Tubulinimmunoreactive particles were rarely observed in pure cultures of DM20-and PLP-expressing cells (data not shown).
PLP-expressing cells adversely affected viability of DRG neurons
To test the hypothesis that PLP modulates neuron viability, the effects of constitutive PLP or DM20 transgene expression on DRG survival was examined using a cell-based culture assay system. For this experiment, primary cultures of enriched neonatal DRG neurons were cocultured with either DM20-or PLPexpressing cells; cultures of enriched DRG neurons or 293 cells served as controls. DRG neurons were grown on coverslips for the first 7 d of the experiment under anti-mitotic/mitotic cycling conditions, and then four groups of DRG coverslips were cultured for an additional 5 d in coculture media with 1.5% serum (see Materials and Methods). The first group of DRG coverslips served as control, the second group of DRG coverslips was cocultured with 293 cells and also served as control, the third group of DRG coverslips was cocultured with DM20-expressing cells, and the fourth group of DRG coverslips was cocultured with PLP-expressing cells. All 293 cell lines were plated at a density of 1.25 ϫ 10 3 cells per well, which is 20ϫ less than the initial plating density of enriched DRG neurons. After 12 d of culture, the vast majority of DRG neurons in the first group showed high refractivity under phase contrast and evenly distributed tubulin immunostaining in somata and along axons (Fig. 3 A, C) . These DRGs appeared healthy and alive. Similarly, the number and morphology of tubulinimmunoreactive DRG neurons cocultured for 5 d with native 293 cell controls or the high percentage DM20-expressing cells were similar to DRG neurons (Fig. 4A) . In contrast, DRG neurons cocultured for 5 d with the high percentage PLP-expressing cells showed features of degeneration as indicated by nuclear degeneration, reduced membrane refractivity, shrunken somata, punctate tubulin immunostaining, and segmented axons (Fig.  3 B, D,F ) . Quantitative analysis revealed a nearly twofold decrease in the number of surviving DRG neurons cocultured with PLP-expressing cells compared with DRG neurons or DRG neurons cocultured with 293 cells (Fig. 4 A) . A cell densitydependent effect of DM20-and PLP-expressing cells on neuron viability can be ruled out because the total number of DM20-expressing cells was similar to 293 cells at the end of each experiment, and the total number of PLP-expressing cells was frequently less than 293 and DM20-expressing cells.
In another experiment, after 1 week of anti-mitotic/mitotic cycling conditions, DRG neurons were cultured for an additional (Fig. 1 A, C) . DRG neurons display high refractivity around somata (asterisks). B, Fluorescent micrograph of the DM20-expressing cells (crosses) and DRG neurons (asterisks) in A. DM20 fusion proteins ( green) were localized in the perinuclear areas as well as distal regions of the plasma membrane. Brightly fluorescent tubulin immunostaining (red) was localized on the soma and axons of DRG neurons with single axons banding together with other axons to form a fascicle (arrows). Axons pass over areas of DM20-expressing cells. C, Phase-contrast micrograph of DRG neurons cultured for 1 week plus an additional 5 d coculture with high percentages of PLPexpressing cells. PLP-expressing cells (crosses) were adjacent to a refractive DRG neuron (asterisk). D, Fluorescent micrograph of the same DRG neuron (asterisk) and PLP-expressing cells (crosses) in C. Like DM20 fusion proteins, PLP fusion proteins ( green) were localized in perinuclear areas and microvilli. Brightly fluorescent tubulin immunostaining (red) was localized within the somata of DRG neurons, whereas the immunostaining in axons was usually attenuated (arrows). An increased number of intense tubulin immunostained particles (arrowheads) were present in the processes and cytoplasm of DRG neurons. Scale bar, 50 m.
5 d with 293 and the moderate percentage DM20-and PLPexpressing cells. 293, DM20-, and PLP-expressing cells were plated on DRG coverslips at the same density (1.25 ϫ 10 3 cells per well; 1ϫ) as that used in the previous experiment. In addition, 293, DM20-, and PLP-expressing cells were plated at 1/3ϫ and 2/3ϫ density to detect dose-dependent effects. After 5 d of cultivation in coculture media with 1.5% serum, neurons in control DRG coverslips displayed the usual signs of high refractivity, even tubulin immunostaining and intact, spherical nuclei (Fig.  3 A, C,E) . The total number of tubulin-positive neurons in cocultures with 1ϫ 293, DM20-, and PLP-expressing cells was the same, but the morphology of tubulin-positive neurons in cocultures with 1ϫ PLP-expressing cells was quite different. Neurons cocultured with 1ϫ PLP-expressing cells had very bright, punctate fluorescent immunostaining within their somata or axons (Fig. 3D) . The axons visualized under phase contrast and tubulin immunostaining displayed fragmented segments with alternating regions of strong and weak tubulin immunostaining (Fig. 3 B, D) . Phase-contrast microscopy and 6-diamidine-2-phenylindoledihydrochloride (DAPI) staining confirmed that nuclei of neurons were undergoing various stages of degeneration (Fig. 3 B, F ) . The number of degenerating neurons cocultured with 1ϫ PLPexpressing cells was increased 20-, 3-, and 4-fold when compared with DRG, 1ϫ 293 and 1ϫ DM20 controls, respectively (Fig. 4 B) . Even when the PLP-expressing cells were plated at 1/3ϫ their normal density, the number of degenerating neurons was increased 11-, 1.5-, and 1.5-fold compared with DRG, 1/3ϫ 293 and 1/3ϫ DM20 controls, respectively (Fig. 4 B) . However, the increased number of degenerating neurons cocultured with 1/3ϫ PLP-expressing cells was significant only when compared with DRG control. The number of degenerating DRG neurons in the cocultures of DRG neurons and 2/3ϫ 293, 2/3ϫ DM20-, and 2/3ϫ PLP-expressing cells were not counted, but the observed intermediate degenerative effect of 2/3ϫ PLP/EGFP cells on the neurons supports a dose-dependent trend of PLP-expressing cells on neuronal viability. The dose-dependent trend was not caused by an increased number of PLP-expressing cells because, in fact, the total number of PLP-expressing cells counted at the end of this and other experiments was often fewer than the total number of 293 and DM20-expressing cells. The slower growth rate was noticeable even in the normal passaging of PLP-expressing cells compared with native 293 and DM20-expressing cells.
In another coculture experiment, based on results with DRG neurons and PLP-expressing cells driven by Tet-On promoter (see below), we tested whether very low levels of PLP expression reduced neuronal degeneration. DRG neurons were cultured for 1 week under anti-mitotic/mitotic cycling conditions and then cultured for an additional 5 d with 1/12ϫ, 1/6ϫ, and 2ϫ basal density of high percentages of PLP-expressing cells. At the end of the experiment, phase-contrast microscopy, tubulin immunostaining, and DAPI staining confirmed that neurons were undergoing various stages of degeneration. The number of degenerating Note punctate localization of tubulin immunoreaction produced within the shrunken somata/nucleus of degenerating neurons (arrows). Axons were typically weakly immunostained compared with control; however, note intense and granular tubulin immunostaining along linear segments that corresponds to degenerating axons (bars). E, DAPI staining (blue) of the same DRG neurons (arrows) in A. Note homogeneous nuclear staining of neurons and other cell types; nuclear staining in neurons (arrows) was more diffuse because of the out-of-focus neurons compared with in-focus bed layer cells. F, DAPI staining (blue) of the same DRG neurons (arrows) in B. DNA was almost completely absent within degenerated neurons (arrows). Scale bar, 25 m.
neurons cocultured with 2ϫ PLP-expressing cells increased by Ͼ2.5-fold compared with DRG neurons cultured alone, confirming that high density of PLP/EGFP is detrimental for neurons. Coculture of DRG neurons with 1/6ϫ PLP/EGFP elicited no change in the number of degenerating neurons compared with control. In contrast, the number of degenerating neurons was significantly decreased when DRG neurons were cocultured with 1/12ϫ PLP-expressing cells (Fig. 4C) . These results confirm a dose-dependent trend of PLP-expressing cells on neuronal viability and indicate that low percentages of PLP-expressing cells reduce degeneration of DRG neurons. To verify that PLP-EGFP cells plated at 1/12ϫ density expressed less PLP than 2ϫ density, we measured the relative levels of EGFP in the two conditions. Coverslips were sampled, the total number of fluorescent pixels was counted (NIH Image, v1.62) after subtracting for background (see Materials and Methods), and the means were calculated for both conditions. We found that coverslips containing PLPexpressing cells plated at 1/12 density had nearly 14-fold less fluorescence than coverslips containing PLP-expressing cells plated at 2ϫ density.
To test the possibility that soluble factors affect neuron viability, DRG neurons were cultured on coverslips for 4 d with BM or CM obtained from separate flasks of 293 cells and the moderate percentage DM20-or PLP-expressing cells grown in coculture media with 1.5% serum (see Materials and Methods). When incubated with CM obtained from flasks of PLP-expressing cells, the number of surviving DRG neurons decreased by 2.5-, 2.5-, and 2-fold compared with BM, 293 CM, and DM20 CM, respectively (Fig. 4 D) . This decrease was not observed with CM obtained from flasks of 293 or DM20-expressing cells (Fig. 4 D) . The CM was prepared on the basis of the assumption that the concentration of soluble factors present in a given volume of CM was directly proportional to the number of cells within the flask. Accordingly, cells were initially plated at slightly different densities so that when CM was collected, the final cell density would be roughly similar for the different cell lines (Table 2) . We then normalized the amount of CM from the different cell lines so that the amount of CM added per well should have roughly the same concentration of solutes (see Materials and Methods) The CM was not replaced for the duration of the experiment. The results of the CM experiments reinforce the notion that strong to moderate levels of PLP gene expression were detrimental to the health of DRG neurons.
We consistently noticed in generating and carrying PLPexpressing cell lines that the media pH decreased after several days of cultivation in flasks or wells, but not with 293 or DM20-expressing cell lines. We performed a set of experiments with 293 and moderate percentages of DM20-and PLP-expressing cells to Figure 4 . Quantitation of DRG neurons cocultured with 293, DM20-, and PLP-expressing cells and conditioned media experiments. Normal DRG neurons were identified by even tubulin immunostaining and a smooth, spherical cell body (Figs. 2A,B, 3A,C) . Degenerating DRG neurons were identified by bright tubulin immunostaining of particles in their perikaryon (Figs. 2D, 3D) . discern differences in media pH between the different cell lines. The media pH and cell density for the stably transfected 293 cell lines were measured under three different culture conditions. Compared with 293 cells used as control, PLP-expressing cells reduced the pH of media ranging from 0.17 to 0.50 U, whereas DM20-expressing cells typically displayed pH levels similar to control, ranging from Ϫ0.06 to ϩ0.07 U. This decrease in pH levels by PLP-expressing cells took place despite using F12/ DMEM media containing 15 mM HEPES, a moderately strong zwitterionic buffer. Cell density of PLP-expressing cells was similar to or less than native 293 cell control and DM20-expressing cells. For the first condition, 293 cells and DM20-and PLPexpressing cells were plated in flasks at a density to reach approximately two-thirds confluency after 4 d incubation in DMEM passage media with 10% FBS. In the other two conditions, 293 cells and DM20-and PLP-expressing cells were plated in flasks at the same initial density and cultured for 6 d in either coculture media with 1.5% FCS or coculture media with no serum (see Materials and Methods). The pH of fresh culture media for each condition was measured and served as basal media (Table 2) . No strong change was measured between the pH of basal media and native 293 cells or DM20-expressing cells except when native 293 and DM20-expressing cells were cultured in coculture media with 1.5% FCS. Examination of live cultures revealed no obvious qualitative differences in the number of detached, rounded cells between the different cell lines, indicating that the number of dying or dead cells present within each flask did not differ noticeably. Table 2 summarizes the media pH and cell density measurements for the experiments.
Because neuron viability may be pH dependent, we tested the ability of cultured DRG neurons to survive in acidified media. Similar to coculture experiments, DRG neurons were cultured for 1 week under anti-mitotic/mitotic cycle conditions followed by an additional 5 d either in basal media at pH 7.3 or in acidified media at pH 6.7, with no media changes for the duration of the experiment. The selected pH of acidified media was based on previous observations during which the pH of passage media conditioned by high percentages of PLP-expressing cells could reach as low as 6.79. After termination of the experiment, basal and acidified media were collected separately, and pH levels were measured. The presence of CO 2 gas in the incubators shifted pH from 7.30 to 7.56 for basal media and from 6.70 to 7.22 pH for acidified media. Thus, DRG neurons were exposed to the initial, acidic pH for only a limited period as the media pH gradually became more basic. For DRG neurons cultured in acidified media, the cells displayed increased levels of tubulin-immunoreactive particles similar to the particles observed in cocultures of DRG neurons and PLP-expressing cells. No such tubulin-immunoreactive particles were observed on DRG coverslips cultured in basal media. The number of surviving DRG neurons treated with acidified media decreased by more than twofold compared with neurons cultured in basal media (data not shown). These results confirm findings from coculture and flask pH experiments.
Inducible PLP transgene expression promoted growth and survival of DRG neurons
To further evaluate the effects of PLP gene expression on survival of DRG neurons, we used a 293 cell line transfected with a PLP-EGFP transgene driven by an inducible Tet-On system (Tet-On PLP-expressing cells) ( Table 1) . Cultures of enriched DRG neurons or untreated Tet-On PLP cells served as controls for the doxycycline-treated DRG neurons and Tet-On PLPexpressing cells, respectively.
After 1 week of anti-mitotic/mitotic cycling followed by an additional 1 week cultivation, enriched DRG neuron cultures were similar in appearance to our other control DRG experiments (for example, see Fig. 3C ). DRG neurons were often observed as individual cells or, with less frequency, in small clusters of two to three neurons. When DRG neurons were cocultured for an additional week after anti-mitotic/mitotic treatment with untreated Tet-On PLP cells, DRG neurons exhibited a small increase in their size and total number of DRG neuron clusters (Fig. 5A) . Despite the small increase in the size and number of clusters in these cocultures, the number of surviving DRG neurons was similar to enriched DRG neurons or enriched DRGs treated with doxycycline (Fig. 5D) . DRG neurons cocultured for 1 week with doxycycline-induced Tet-On PLP cells showed a significant 1.5-fold increase in the number of surviving DRG neurons compared with enriched DRG neuron cultures or doxycycline-treated DRG neuron controls (Fig. 5D) . The frequency of moderate-as well as large-sized (five or more) clusters also increased (Fig. 5 B, C) . In these experiments, doxycycline was applied at 10 g/ml to induce a significant level of PLP expression (20 -40% EGFP-expressing cells) without killing neurons (see Materials and Methods). Higher concentrations (100 g/ml) of doxycycline applied directly to enriched DRG cultures caused major neuronal death. DRG neurons cocultured with doxycycline-treated Tet-On PLP cells never displayed the level of punctate tubulin immunostaining seen in cocultures of DRG neurons and PLP/EGFP cells (Table 1 ). In addition, we did not observe an acidic shift of media pH by PLP/EGFP Tet-On cells, unlike PLP/EGFP cells. The difference in survival between using the Tet-On and CMV constitutive cell lines may be attributable to differences in total amounts of PLP expressed by the two cell lines. In flasking experiments, we compared the levels of PLP fusion protein induced by the Tet-On system and constitutive CMV promoter. We found by using quantitative densitometry of Western blots that the maximal induction of PLP with the Tet-On system was less than one-half that of the CMV promoter. The amount of PLP generated by the Tet-On system in our coverslip experiments was probably much less than 50% because the The observed pH changes were reproducible in six different experiments.
Tet-On cells gradually lost maximal fluorescence after 24 hr in culture. DRG neurons displayed no strong preference to be adjacent to or intermix with doxycycline-treated Tet-On PLP cells (Fig. 5C) . Expression of the PLP transgene in doxycycline-induced Tet-On PLP cells modulates axonal morphology of DRG neurons. Cocultures of DRG neurons with non-doxycycline-treated Tet-On PLP cells revealed a detectable increase in the level of axonal fasciculation and tubulin immunostaining compared with DRG neuron control (Fig. 5A) . However, when DRG neurons were cocultured with doxycycline-treated Tet-On PLP cells, they displayed enhanced axonal fasciculation, augmented tubulin immunostaining, and an increased number of neuronal clusters (Fig.  5 B, C) . Laser confocal sampling of the same DRG neurons examined in Figure 5D revealed a relative increase in the intensity of tubulin immunostaining in somas and processes of DRG neurons cocultured with doxycycline-treated Tet-On PLP-expressing cells compared with untreated Tet-On PLP cells (Fig. 6 A, B ) (see Materials and Methods). Calculating the mean total number of fluorescent pixels for each condition, there was a twofold increase in total number of fluorescent pixels for tubulin-immunostained DRG neurons cocultured with doxycycline-treated Tet-On PLP cells compared with untreated Tet-On PLP cells (Fig. 6C) . This result highlighted the increase in fasciculation and thickening of axons when DRG neurons were cocultured with doxycyclinetreated Tet-On PLP cells.
DISCUSSION
Many naturally occurring and man-made mutations of the PLP gene exhibit axonal abnormalities in addition to myelin defects. Axonal degeneration of centrally projecting DRG neurons is found in transgenic mice, even when overexpression of the normal PLP gene is twofold. Deletion of the PLP gene in "knock-out" mice also produces axonal deficits of DRGs (Boison and Stoffel, 1994; Klugmann et al., 1997) . Point mutations of PLP gene, as in jimpy, exhibit perturbation of retinal ganglion axonal function (Nixon, 1982) . These phenotypes reveal two properties of PLP gene expression: it is required for normal neuronal function, and the levels of PLP/DM20 must be tightly regulated. It is unclear whether expression of PLP gene products directly causes the neuronal abnormalities or whether alterations in thickness and compaction of myelin sheaths associated with PLP mutations secondarily affect neuronal viability (Bjartmar et al., 1999) . To determine whether PLP and/or DM20 proteins directly affect neuronal viability, we used non-glial cell lines in which PLP or DM20 was constitutively expressed or induced with drugs, and then cultured these cells with neurons. PLP and DM20 cDNAs were fused to EGFP to visualize insertion of PLP and DM20 into the plasma membrane and the level of expression. Live immunostaining with O10 antibody, a conformationally sensitive antibody against PLP/DM20 (Jung et al., 1996) , showed that the plasma membrane of both PLP-and DM20-expressing cells stained similarly and with visibly equal intensity. Homogenates prepared from PLP-EGFP and DM20-EGFP cell lines were probed with EGFP antibodies, and they showed the correct molecular weights for the combined proteins (data not shown). The percentages of 293 stably transfected cells that expressed PLP or DM20 fusion protein were not noticeably different in each experiment. Therefore, differences in survival of neurons cocultured with PLP or DM20 constitutively expressing cells cannot be attributed to differences in insertion of two different isoforms into the membrane or to differences in percentages of cells expressing DM20 and PLP. Because cell density may affect the amount of secreted molecules (especially when cells become confluent), experiments were terminated before different expressing cell lines reached confluency. Quantification of cell numbers of different cell lines at the end of each experiment were also similar. Toxicity of PLP/ DM20 gene products to the transfected cells should be mentioned because elevated levels of PLP and/or DM20 are often toxic to transfected cells and OLs (Kagawa et al., 1994; Cypher et al., 1999) . The phase brightness and number of floaters of PLPexpressing cells were no different from DM20-expressing or 293 cells at the termination of the coculture and flasking experiments.
When neurons were cocultured with high percentages of PLPexpressing cells driven by the CMV promoter, the number of tubulinϩ neurons was decreased two times compared with DRG neurons grown alone, with 293 cells, or with DM20-expressing cells. In other coculture experiments, in which the percentage of PLP-expressing cells was roughly half that of the high expressers, the total number of neurons cocultured with PLP-expressing cells was the same at the end of the experiments. However, degenerating neurons were numerous, as evidenced by aggregates of ␤-tubulin immunostaining in their somata and axons. Costaining with DAPI confirmed their degeneration because nuclei were shrunken or disintegrated. To determine density-dependent effects, different cell lines were plated at lower and lower densities in addition to our routine density. The number of degenerating neurons cocultured with PLP-expressing cells at one-third our routine density was noticeably increased compared with different controls. However, plating at 1/12 our routine density, PLPexpressing cells led to fewer degenerating neurons. These experiments demonstrate that high expression of PLP has a negative effect on neuronal survival, but it is unclear whether the increased degeneration is mediated directly by cell-cell contact or indirectly by secreted factors. To test the possibility that secreted factors modulate neuron survival, we demonstrated that application of CM from PLP significantly decreased the viability of neurons compared with 293 control cells and DM20-expressing cells.
Increased degeneration of neurons in media conditioned by PLP-expressing cells argues strongly for the role of soluble factors acting in a paracrine manner. However, it is unclear whether PLP itself or other factors are secreted into the medium. Interestingly, addition of purified PLP or addition of synthetic PLP peptides in nanomolar concentrations to cultured OLs increased the number of OLs (Ikenaka et al., 1992; Nakao et al., 1995; Yamada et al., 1999) . Moderately higher concentrations of purified PLP caused a slight decrease, but whether higher concentrations led to further loss of OLs was not reported. Immunoprecipitation of CM from PLP/DM20-producing cells (Nakao et al., 1995) and CM from our PLP-secreting cells blotted for PLP (data not shown) failed to detect any PLP fragments.
The negative effect of PLP gene expression on neurons and OLs may not be caused by secretion of PLP or DM20 peptides but may alter the transport and exocytosis of molecules and ions not derived from PLP. Numerous classical and recent studies using different techniques provide indirect evidence that PLP isomers aggregate to form membrane pore proteins that allow unidirectional or bidirectional transfer of ions (protons, sodium, and potassium) (Ting-Beall et al., 1979; Helynck et al., 1983; de Cózar et al., 1987; Kitagawa et al., 1993) . This theory may explain Figure 6 . Relative levels of class III ␤-tubulin in DRG neurons cocultured for 1 week with or without doxycycline-treated Tet-On PLP cells. All images and data in Figure 6 were collected from the same experiment described in Figure 5D . Images were captured on a confocal laser cytometer workstation at a setting so that the maximum fluorescent pixels were not oversaturated. All images were then processed at a threshold setting that eliminated nonspecific tubulin immunostaining and rhodamine background staining. The color range for our observations that expression of PLP gene products acidified the extracellular pH of CM. The reduction in pH (as much as 0.5 U) by PLP-expressing cells occurred using three different culture media. The decrease in extracellular pH by PLP-expressing cells was not cell density-dependent because the number of 293 cells expressing PLP fusion protein was similar to or lower than the number of cells in control lines at the end of the experiments. Increased numbers of floating cells were not found in the PLP cell line at the time CM was collected. Alteration of pH by abnormal PLP expression has been reported previously for jimpy mice (mice with a PLP mutation). Jimpy glia exhibit abnormal K ϩ metabolism (Hertz et al., 1980) , and intracellular pH was increased in glial cultures (Knapp et al., 1990) . We found that simply lowering the media pH in DRG cultures caused increased neuronal degeneration, suggesting that acidic pH in and of itself causes increased neuronal degeneration. Interestingly, pH at the end of these DRG experiments shifted from 6.70 to 7.22, suggesting a gradual compensation for the acidic pH. In contrast, cells expressing PLP fusion protein drove pH toward the acidic side despite the presence of moderately strong buffers. Whether extracellular ionic environment of the nervous system is altered in PLP mutants is unknown, but small differences in pH of the magnitude found in the PLP-expressing cell line are associated with seizures (Syková and Svoboda, 1990; Xiong and Stringer, 2000) , a neurological deficit observed in many PLP mutants.
Expression of DM20 protein has been proposed to facilitate the transport of PLP and possibly other molecules to the plasma membrane (Gow and Lazzarini, 1996) . Newly identified somalrestricted PLP/DM20 gene products (Bongarzone et al., 1999) have also been proposed as components of the vesicular trafficking system because these gene products colocalize with clathrincoated and syntaxin 6-containing vesicles (Campagnoni and Skoff, 2001) . Conversely, overloading of native or aberrant PLP products within the protein trafficking system may retard transport and ultimately induce cell death and release of toxic molecules (Gow et al., 1994b; Pahl and Baeuerle, 1997; AlvesRodrigues et al., 1998; Anderson et al., 1998) . Either increased secretion of toxic molecules into the extracellular space or retardation of molecular transport by the PLP-secreting cells may also be mechanisms that modulate neuronal viability.
Although strong expression of the PLP gene using the CMV promoter caused increased degeneration, modest expression with the Tet-On system led to increased survival of neurons. Because the 293 cells used to generate constitutive-and inducibleexpressing cell lines were from the same cellular background, it is unlikely that intrinsic properties of 293 cells were responsible for the opposing effects. Different factors, including decreased expression of PLP, changes in synthesis and transport of PLP and other molecules, and induction of different molecules by the Tet-On system might have caused increased survival of neurons using the Tet-On system. Although our results are difficult to explain mechanistically, they support in vivo transgenic and human studies which show that PLP gene expression is essential for long-term maintenance of neuronal phenotype but an overabundance quickly causes neurodegeneration.
We consistently found that DM20 gene expression, either in coculture experiments or with the addition of CM from DM20-expressing cells, had no significant effect on neuron viability. This finding is consistent with animal studies which show that DM20 gene overexpression, compared with PLP overexpression, has a negligible effect on neuronal viability. Transgenic mice with two to four extra copies of DM20 transgene along with wild-type PLP gene lacked neurological deficits and had a normal life-span (Johnson et al., 1995) , and even mice with 17 copies of DM20 transgene behaved normally and had a normal life-span. Transgenic knock-in mice that express DM20 but not PLP displayed abnormal myelin periodicity, axonal degeneration after 6 months, and behavioral deficits after 1 year (Stecca et al., 2000) . These mice show that overexpression of DM20 did not cause the same degree of neuropathy as transgenics overexpressing the PLP gene. PLP has a 35 amino acid sequence located within the intracellular loop that is missing in DM20. PLP, but not DM20, coprecipitates with inositol hexakisphosphate, and it is proposed that PLP functions as a signaling molecule (Yamaguchi et al., 1996) .
Our results indicate that expression of the PLP gene by nonglial cells modulates the viability of neurons, possibly via secreted molecules and alteration of pH. Although abnormal myelin sheath formation can contribute to axonal loss (Robertson et al., 1997) , products of PLP gene expression are directly capable of altering neuronal viability. "Axonal transections" and neuronal atrophy are now recognized as important players in PelizaeausMerzbacher disease and multiple sclerosis (Griffiths et al., 1998a; Snipes and Orfali, 1998; Bjartmar et al., 1999) . Our studies suggest that abnormal expression of PLP gene may directly affect axonal viability.
